Mean hourly values of the horizontal and vertical components of the geomagnetic field at six observatories on the Iberian Peninsula were analysed to study seasonal and spatial behaviour of the solar and lunar (ionospheric and oceanic) daily geomagnetic variations. The results are tabulated and their characteristics are discussed. The influence of local oceanic effects on the lunar oceanic contribution at the peninsular observatories is noted. In particular, the spatial behaviour of the lunar oceanic contribution is considered. Whereas the mean value for the Peninsula is consistent with that expected according to an existing model for electric currents in the eastern Atlantic Ocean, individual values are not. The influence of tide in the Mediterranean Sea, of water currents in the Strait of Gibraltar and of local effects in the Atlantic Ocean is proposed as the reason for this behaviour.
I N T RO D U C T I O N
The behaviour of the solar and lunar daily geomagnetic variations is far from simple. There are many factors acting on them, leading to an enormous variability of the results. The solar and lunar terms show marked changes with the seasons, and smaller changes with the solar cycle and magnetic activity. There are a number of early works, e.g. Gupta & Malin (1972) , about the seasonal influence on solar and lunar terms, as well as more recent works. An example is the study by Schlapp & Butcher (1995) on the influence of the solar cycle and the seasons on the day-to-day variability of the solar quiet day variation Sq. The existence of secondary electric currents, as well as primary electric currents in the ocean due to lunar action, complicates the analysis of daily geomagnetic variations (Kendall & Quinney 1983) .
The purpose of this work is to study the daily variations of the geomagnetic field due to the Sun and the Moon, in the absence of disturbances, at the observatories on the Iberian Peninsula, and to analyse the oceanic influence on these quiet daily variations. The study is divided into two parts: the first part considers the seasonal changes of the daily variations, and the second part considers the influence of geographic position on the solar and lunar terms.
Many studies have been made of the daily geomagnetic variations, both globally (e.g. Malin 1973; Winch 1981) and regionally (e.g. McKnight 1995; Palumbo 1981; Yinn-Nien 1980) , but few have considered in detail the implications of the effects observed on the Iberian Peninsula (an exception is Romaña & Cardús 1949) . This peninsula is a very interesting place to study the oceanic influence on solar and lunar terms. It is located at the southwestern extreme of Europe, and the influence of the Atlantic Ocean combines with that of other sea currents, such as those in the Mediterranean Sea and the Strait of Gibraltar. This work shows how the presence of the Atlantic Ocean and other seas influences daily geomagnetic variations on the Peninsula.
The results of this work are compared with the results obtained from other studies made in Europe, in order to analyse the similarities and differences between them. Where appropriate, independent results from earlier studies are combined with the present results in order to enhance their statistical significance.
D ATA A N D A N A LY S I S
Data used in this analysis are hourly mean values of X, Y (S-N and W-E horizontal components of the geomagnetic field, respectively) and Z (vertically downward component of the geomagnetic field) at the Iberian Peninsula observatories for the periods detailed in Table 1 . The location of these observatories is shown in Fig. 1 .
The well-known Chapman & Miller (1940) method is used to determine the solar variation (S ) and the lunar variation (L). Vector probable errors are calculated using the method developed by Malin & Chapman (1970) . Lunar variation is given in terms of the amplitudes l n (in nanoteslas) and phase angles λ n (in degrees) of the first four harmonics (n = 1, 2, 3, 4) as follows 
where t is mean local solar time, τ is mean local lunar time and ν (= t − τ ) is the lunar phase measured by the hour angle between the C 2003 RAS 
where s p and σ p are the amplitude and phase of the pth harmonic. The longest digital data series are the most recent, and these were used at three observatories to study the seasonal changes of S and L so as to obtain the most precise results. Data from each observatory were analysed, for each magnetic element, first as a whole and then after subdividing them according to Lloyd's seasons: D season (January, February, November and December), E season (March, April, September and October) and J season (May, June, July and August). The study of spatial changes was made using data for the years 1964 and 1965 (1965 and 1966 for Ebro) because data from all six peninsular geomagnetic observatories were available for these two years, thereby ensuring the best possible spatial coverage for this study. Results obtained by Palumbo (1981) in a study made at several Italian observatories were included in order to clarify the influence of the Atlantic Ocean on the observed variations.
Lunar daily geomagnetic variations arise from electric currents induced in the ionosphere and the oceans as a result of their movement relative to the geomagnetic field due to lunar tidal forces, and from secondary currents induced by the primary ones. Malin (1970) described a method for separating lunar variations L into ionospheric and oceanic contributions. The method is based on some assumptions: first, that the oceanic dynamo works equally well during daytime and night-time, and is lunar semi-diurnal in period; and second, that the contribution of the ionospheric dynamo to L is zero at local mid-night, because the ionospheric conductivity at that time is reduced to about 1/30 of its peak daytime value. The oceanic contribution L O to lunar terms can thus be written
where
l O and λ O are the amplitude and the phase of L O , and ρ O is the vector probable error; ρ n is the vector probable error of the nth lunar harmonic. In the case of the ionospheric contribution L I , the corresponding expression is
where l I cos λ I = − (l 1 cos λ 1 + l 3 cos λ 3 + l 4 cos λ 4 ) (8)
l I and λ I are the amplitude and the phase of L I , and ρ I is the vector probable error; ρ n (n = 1, 3, 4) are the vector probable errors of lunar harmonics 1, 3 and 4. In fact the separation described above is imperfect because L I is not identically zero at local midnight. Stening & Winch (1987) checked the method of separation by comparing the L O value at several observatories. If L O has a significant ionospheric contribution then its value will be expected to be higher when the sunspot number is maximum. The authors found good agreement between L O values at sunspot maximum and sunspot minimum for most of the observatories and concluded that the separation method was valid. Another way to analyse whether the separation of contributions is imperfect or not is to study the seasonal variation of L O , which should be much smaller than that of L I . The results of the present work will show that this is the case. Because of the small amplitude of L, it is desirable to include the results obtained from earlier, independent studies so as to enhance the statistical significance of the present results. The above-mentioned dependence of L, through L I , on the solar cycle means that only values for L O are deemed suitable for inclusion in this way.
S E A S O N A L VA R I AT I O N
Solar and lunar variations depend on many parameters, as well as those shown in the Chapman & Miller method (t and n for S, and t, τ and n for L). They undergo marked changes with season. If data series are long enough, the study of seasonal dependence can be done by organizing available data according to Lloyd's seasons and analysing each data set using the methods described above. This procedure was used to carry out a study of the seasonal change of the daily geomagnetic variations recorded at three Spanish geomagnetic observatories operating in the 1990s. Data from the Observatory of Coimbra (operating in Portugal during those years) were not available.
Solar terms
Results obtained for solar terms are shown in Table 2 . For the three geomagnetic components, the amplitudes s p (in nanoteslas), the vector probable errors ρ p (in nanoteslas) and the phases σ p (in degrees) of the first four solar harmonics ( p = 1, 2, 3, 4) are shown. The number of days of data used in each analysis is included.
The amplitude s p may be considered to be statistically significant at the 5 per cent level if it is larger than 2.08 times the corresponding vector probable error (Leaton et al. 1962) . All amplitudes shown in Table 2 are, therefore, statistically significant. As might be expected, the harmonic with the largest amplitude is, in general, the first (s 1 ). This behaviour can be explained by recalling that solar variation is determined pre-dominantly by thermal changes with diurnal periodicity (24 solar hours). Nevertheless there are some exceptions in the X component in the J season, in which the amplitude of s 2 (the second solar harmonic) and of s 3 (the third solar harmonic) are larger than the amplitude of s 1 at the three observatories.
In order to analyse these results in greater depth, it is possible to plot the daily solar variation for each observatory and component. Hourly values of solar variation are calculated from eq. (2) by replacing s p and σ p with the corresponding values from Table 2 and assigning values to solar time t ranging from t = 0 to t = 24.
As an example, Fig. 2 shows, for each Lloyd's season, plots of solar daily variation of the three components of the geomagnetic field at Ebro Observatory. The form of the curves for the X component at all observatories varies through the year. In order to explain this, it is necessary to consider the ionospheric equivalent current system in Europe. The actual electric current system that generates the quiet solar variations of the geomagnetic field can be simulated by two bi-dimensional equivalent current systems, the primary flowing above the Earth's surface (in the ionosphere) and the secondary beneath it. Torta et al. (1997) developed a model for the ionospheric equivalent currents in Europe using spherical cap harmonic analysis. This model produces a small Sq variation for the X component and larger ones for Y and Z for the Iberian Peninsula, and this is reflected in the results of the present study. The X component is particularly sensitive to the variations in form and position of the equivalent current contours throughout the year over the Iberian Peninsula. This explains the variation in form of the X daily plots observed in this work for the different Lloyd's seasons. The position and form of the ionospheric equivalent currents in these latitudes produce an Sq variation that is, for the X component, smallest in summer. This behaviour is consistent with the fact that the s 1 amplitudes calculated for X (Table 2) are smaller for the J season.
The form of the daily plots for Y and Z does not vary appreciably throughout the year, and there is a considerable increase in amplitude from D season to J season, with an intermediate value for E season ( Table 2 ). The motion of the ionosphere due to the thermal tide, responsible for the main characteristics of the Sq current system, depends on the daily heating of the terrestrial atmosphere due to the incident solar radiation. As a consequence, the amplitude of the daily solar variation will be larger when the incident solar radiation is bigger, i.e. in summer, corresponding roughly to the J season in the northern hemisphere. The evolution throughout the year of the ionospheric equivalent current contours over the Iberian Peninsula (Torta et al. 1997 ) is consistent with the results obtained here.
If the results for Z are considered, it is noted that the amplitudes for San Fernando are bigger than for the other two observatories ( Table 2 ). The existence of oceanic induction (secondary currents in the ocean arising from primary ionospheric currents) can explain this behaviour. This subject is returned to in the Geographic Variation section. Table 3 summarizes the results for the lunar terms of the daily geomagnetic variations. For the three geomagnetic components, the amplitudes l n (in nanoteslas), the vector probable errors ρ n (in nanoteslas), and the phases λ n (in degrees) of the first four lunar harmonics (n = 1, 2, 3, 4) are shown. Amplitudes, errors and phase
Lunar terms
Lloyd's seasons and for all days are included. Values in parentheses refer to statistically insignificant amplitudes. There is a significant number of such values in the lunar terms, in contrast to the solar terms. The lunar variation, gravitationally driven, is about an order of magnitude smaller than the solar variation, thermally driven, so that longer data series are needed to obtain significant results. Most of the insignificant terms correspond to harmonics 1 and 4, whose contributions to the lunar daily variation are smallest. The semi-diurnal term L 2 (the purely lunar semi-diurnal harmonic) has Table 2 . Solar terms of the seasonal variation.
Data/Station
Days the largest amplitude; it is the lunar semi-diurnal tide that forces the ionospheric and oceanic motions that produce the magnetic effects. An increase in the amplitude of L 2 from D to J season is observed for all components and all observatories. The ionospheric contribution to lunar terms, which depends on the season, is responsible for this behaviour. The amplitudes of L 2 for San Fernando are the largest in all components. In the case of the Z component, the value for Ebro comes next, while San Pablo, an inland observatory, has the smallest amplitude for L 2 .
Ionospheric and oceanic contributions
Lunar daily geomagnetic variations were separated into ionospheric and oceanic contributions using Malin's method. Results are shown in Table 3 . Amplitudes and errors are in hundredths of nanoteslas.
The amplitude of the ionospheric contribution tends to increase from D season to J season for all components and all observatories, because this contribution depends on solar radiation, which is greatest in summer. Seasonal variation of the ionospheric contribution is greatest for the Y component, reaching its maximum value in the J season. Although amplitudes are similar for the three observatories, taking into consideration the corresponding errors, the amplitude of the ionospheric contribution in J season is bigger in San Pablo than in San Fernando for the X and Y components.
The conductivity of the ocean does not vary significantly with time, unlike ionospheric conductivity. As a consequence, seasonal variation of the oceanic contribution is expected to be smaller than for the ionospheric contribution. The lack of dependence of the oceanic contribution on season can be seen in Table 3: the validity of Malin's method for separating lunar variation into ionospheric and oceanic contributions.
The amplitude of L O is greatest at San Fernando, as for the total lunar terms, while San Pablo has the smallest values for L O . Clearly, the geographic position of the observatories has an influence on the amplitude of lunar terms, particularly on the oceanic contribution.
G E O G R A P H I C VA R I AT I O N
In order to obtain the spatial characteristics of daily geomagnetic variations a suitable distribution of observatories is required. Geomagnetic field data from the six Iberian Peninsula observatories for two years in the 1960s were selected. The geographic distribution of the observatories is suitable for studying the geographic variation of solar and lunar terms (Fig. 1) . Results obtained by Palumbo (1981) for lunar oceanic contributions at four Italian observatories are included in order to study the influence of the Atlantic Ocean. Results for L O at five of the Iberian Peninsula observatories derived from analysis of data from the years 1957.5 to 1960.0 by Malin (1973) are combined with the present results so as to enhance their statistical significance.
Solar terms
Results for the six peninsular observatories are shown in Table 4 . Units are the same as for the seasonal variation. All values are statistically significant. The amplitudes for X vary markedly from one observatory to another, because solar daily variation of the X component is especially sensitive to geographic position for the latitudes of the Iberian Peninsula. This behaviour can be explained by analysing the pattern of the ionospheric equivalent currents in Europe (Torta et al. 1997) .
The situation for the Y component is totally different; the amplitudes of the first solar harmonic are very similar for the six observatories. The amplitudes for Y are always larger than for X, consistent with the pattern of the equivalent current system.
It is important to note that, unlike for the Y component, the amplitudes of S 1 for Z vary markedly from one observatory to another. The two Atlantic observatories (Coimbra and San Fernando) show the largest amplitudes; the effect of secondary oceanic induction can be distinguished even though the data series are relatively short. The explanation for this increase in amplitude can be found by considering that induced currents flowing in the ocean intensify the total internal currents; the existence of the oceans increases the total induced current by about 30 per cent (Takeda 1985) . The study of induction in the oceans is very complicated, due to the large number of factors influencing it. Kendall & Quinney (1983) considered the difficulties in quantifying the effects of the ocean on quiet solar variations: first, it is necessary to determine local bathymetry in order to study the coastal effect; secondly, oceanic induction varies according to water depth; and thirdly, the complexity of local conductivity structures is an additional problem in this kind of study.
Lunar terms and oceanic and ionospheric contributions
Lunar terms at the six peninsular observatories, as well as their oceanic and ionospheric contributions, are shown in Table 5 . Table 3 . Lunar terms (and oceanic and ionospheric contributions) of the seasonal variation.
Data/Station Days Table 5 . In order to improve the statistical significance of the lunar terms we considered the inclusion of equivalent results from previous independent studies. This needs to be done with some caution, as lunar analyses are known to be sensitive to the solar cycle (e.g. Malin 1973) and site changes have occurred at two Spanish observatories in recent years (Toledo in 1981 and San Fernando between 1986 and 1991 . The results most suitable for inclusion are those by Malin (1973) , which consider the worldwide distribution of geomagnetic tides based on data from the period 1957.5-1960.0 and include results for San Fernando (X, Y only), Toledo, Logroño, Almería and Ebro observatories. Because this corresponds to a period around sunspot maximum and our results are from a period around sunspot minimum, we have included only those results for the oceanic contribution to L as these appear to be unaffected. The two sets of results have been combined by determining weighted means according to 1/ρ 2 o , and the resulting values are listed in Table 6 . The influence of the ocean dynamo effect is greatest on Z. The results of the present work reflect this feature: coastal observatories (Almería, San Fernando, Coimbra and Ebro) show the largest amplitudes of L 2 , and inland observatories (Toledo and Logroño) show the smallest amplitudes.
If the amplitudes of the ionospheric contribution are considered, the uniformity of the results for all observatories and all magnetic components can be seen. Amplitudes of the ionospheric contribution do not depend on the geographic position of the observatory. Phase differences between observatories are largest for X (with a maximum difference of 132
• ), followed by Z (with a maximum difference of 63
• ). Phase angles for Y are similar for all observatories, with a maximum phase difference of 24
• . As regards to the oceanic contribution, the Z component shows the influence of geographic position on the effect observed. The two Atlantic observatories, together with Almería, show the largest amplitudes. The amplitude for Ebro is lower, and the amplitudes for the two inland observatories (Toledo and Logroño) are markedly lower. Phase differences between observatories are largest for Z, with a maximum difference of 92
• , and smallest for Y, with a maximum difference of 47
• . & Kendall (1970) idealized the tidal electric currents in the eastern Atlantic Ocean, representing them by a semi-infinite sheet current of uniform strength running north-south together with a negative image sheet current which is equivalent to the induced current in the deeper conducting layer. Broadly speaking, the variation of the amplitude of the lunar oceanic contribution is in good agreement with Chapman & Kendall's theory, showing the expected fall-off with distance from the Atlantic Ocean in both D and Z, the rate of fall-off being greater in Z due physically to the cancellation to first-order of the contributions from the primary current and the image current. In D there is no contribution from the primary current if one takes the flat-earth approximation, and the geomagnetic tide is entirely due to the image C 2003 RAS, GJI, 152, 113-123 Table 5 . Lunar terms (and oceanic and ionospheric contributions) of the geographical variation.
L U N A R O C E A N I C E F F E C T S

Chapman
Station Days current. In practice there will also be a small contribution to D from the primary oceanic current because of the curvature of the Earth but this will not alter the situation appreciably (Rosser & Schlapp 1990) .
Since the electric currents in the ocean run north-south in Chapman & Kendall's model, they are not expected to produce any magnetic variations in the H component at the surface. Amplitudes shown in Fig. 5 can therefore be interpreted as the result of local effects, together with any errors arising from the assumption of a north-south current sheet. Deviations from the model presented in Figs 3(a) and 4(a) can also be due to these local effects. Rosser & Schlapp (1990) , in a study made using European observatories between the latitudes of 44
• N and 56
• N, found 'a lot of scatter' when results for individual stations were plotted. However, if the results were grouped by longitude into bins 10
• wide, mean values were in good agreement with Chapman & Kendall's theoretical curves. Similarly, if mean values are calculated for D and Z on the Iberian Peninsula, the results fit the theory well (Figs 3b and 4b) . The mean value for Z is 0.8 nanoteslas with a longitude of 4.06
• W, and the mean value for D is 1.2 min of arc with the same longitude. Mean values for the Italian observatories also follow the theoretical curves. The mean value for D is 1 min of arc with a longitude of 11.08
• E, and the mean value for Z is 0.17 nanoteslas with a longitude of 11.81
• E. Mean empirical amplitudes of the oceanic contribution on the Iberian Peninsula are therefore in good agreement with Chapman & Kendall's model for the Atlantic Ocean, whereas individual values depart from this behaviour. This suggests the existence of local effects, such as the influence of the tide in the Mediterranean Sea, water currents in the Strait of Gibraltar and local effects in the Atlantic. In particular, the high value in Z obtained for Almería could be the result of the action of such currents in the Strait of Gibraltar (Candela et al. 1990) . The modelling of these local oceanic effects on the Iberian Peninsula is a very complicated process, and it is not attempted here. Some models exist for other parts of the world. The study made by Chapman & Kendall (1970) for the British Isles is an example. The influence of the shallow waters surrounding the British Isles (English Channel, North Sea and Irish Sea) on the lunar magnetic variations was analysed, and it was concluded that differences in the L 2 variation at mid-night observed between several stations are probably due to induced electric currents flowing in these shallow waters.
It is of interest to compare the results obtained here based on the study of regular geomagnetic variations with those obtained independently from the study of geomagnetic disturbances and expressed in the form of Parkinson vectors. Studies in the Mediterranean region, summarised in Parkinson & Jones (1979) , suggest the absence of a significant coast effect, i.e. that the Mediterranean is not large enough to support extensive eddy currents. The lack of reliable results from the Iberian Peninsula means that we can't discuss any potential contradiction between local oceanic effects at tidal periods and the absence of disturbance effects, but does suggest the value of deriving Parkinson vectors for the observatories used in the present study.
C O N C L U S I O N S
Solar and lunar (ionospheric and oceanic) daily geomagnetic variations were calculated for the observatories on the Iberian Peninsula in order to study their seasonal and geographical variation. More recent (and longer) data series were used to analyse the seasonal variation, whereas older data (but from a bigger number of observatories) were used to study the influence of geographical position. Where appropriate, earlier results were combined with results from the present study in order to improve their statistical significance. Results obtained by Palumbo (1981) for four Italian observatories were included for comparison. Using the model of Chapman & Kendall (1970) to estimate the effects of the tidal electric currents in the eastern Atlantic Ocean enables us to extract important conclusions about the local behaviour of lunar variations in the Iberian Peninsula.
As expected, an increase in amplitude of the solar terms in summer is observed for Y and Z. The behaviour for X is more irregular, and this is consistent with the behaviour of the ionospheric equivalent current function for the Iberian Peninsula. Oceanic induction is responsible for the amplitudes of the solar terms being largest at San Fernando, close to Atlantic waters. Amplitudes of the ionospheric contribution to lunar terms are largest in summer for all the observatories. The lack of dependence of the oceanic contribution to lunar terms on season is also shown, lending support to the method of oceanic/ionospheric separation.
Some interesting conclusions can also be drawn from the analysis of the geographic variation. Again, the increase in the amplitude of the Z solar variation at the Atlantic observatories (Coimbra and San Fernando) is shown: the existence of the ocean can increase the total induced current by about 30 per cent. The most interesting feature arises from comparing the values of the lunar oceanic contribution with the theoretical results from Chapman & Kendall's model. Values from the Iberian Peninsula and from several Italian observatories, as well as results from other European observatories obtained by Rosser & Schlapp (1990) , are on average in agreement with the pattern of behaviour proposed by Chapman & Kendall. But if individual values of the lunar oceanic contribution for the Iberian Peninsula are considered it can be seen that these individual values are distributed about the model values, suggesting the existence of local oceanic effects such as the influence of the tide in the Mediterranean Sea, water currents in the Strait of Gibraltar and local Atlantic effects.
An apparent contradiction between the existence of local tidal effects and the view that the Mediterranean does not support a geomagnetic coast effect suggests the need to derive the Parkinson vectors for the observatories used in this study.
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